Due to its large scale applications in the real field, the study of bi-metallic nano-alloy clusters is an active field of research. Though a number of experimental reports are available in this domain, a deep theoretical insight is yet to receive. Among several nano-clusters, the compound formed between Cu-Ag has gained a large importance due to its remarkable optical property. Density Functional Theory (DFT) is one of the most popular approaches of quantum mechanics to study the electronic properties of materials. Conceptually, DFT based descriptors have turned to be indispensable tools for analyzing and correlating the experimental properties of compounds. In this venture, we have analyzed the experimental properties of the (Cu-Ag) n = 1 − 7 nano-alloy clusters invoking DFT methodology. A nice correlation has been found between optical properties of the aforesaid nano-clusters with our evaluated theoretical descriptors. The similar agreement between experimental bond length and computed data is also reflected in this analysis. Beside these, the effect of even-odd alternation behavior of nano compounds on the HOMO-LUMO gap is very important in our computation. It is probably the first attempt to establish such type of correlation.
Introduction
Due to existence of a large number of quantum mechanical and electronic effects, nanoparticles possess unique physicochemical properties [1] [2] [3] [4] . The classification of nanoparticles is done in terms of size ranging from 1 to 100 nm. That particular size range exists between the level of atomic/molecular and bulk material [5] . However, there are still some instances of nonlinear transition of certain physical properties, which may vary depending on the size, shape and composition [6, 7] . A large number of available scientific reports describe the effects of size and structure which change the optical, electronic, magnetic, chemical and other physical properties of nanoparticles [1, 3, 4] . The outstanding work reported by Dawid and Gburski [8] nicely explained the dynamical behavior of argon-krypton clusters and also made a comparison with monoatomic * E-mail: tanmoychem@gmail.com Ar 13 cluster. A deep insight into the research of nanoparticles with well-defined size and structure may lead to some other alternatives for better performance [9] . The nanoparticles, due to their vast applications in the areas, such as biological labeling, photochemistry, catalysis, information storage, magnetic device, optics, sensors, photonics, optoelectronics, nanoelectronics, etc., are of immense importance [1, 3, [10] [11] [12] .
Noble metals can be extensively applied in several technological areas due to their superior catalytic, magnetic and electronic properties [13] [14] [15] [16] [17] [18] [19] . In a number of papers, the positive conjoint effects of two or more noble metals on the above mentioned properties have been lucidly explained [14, 20, 21] . In present days, different compositions of nano-alloys are utilized for advancement of methodologies and characterization techniques [14, 20, 22] . A thorough study of coreshell structures of nano-compounds is very popular because their properties can be tuned by a proper control of other structural and chemical 720 PRABHAT RANJAN et al.
parameters. Group 11 metal (Cu, Ag and Au) clusters exhibit the filled inner d-orbitals with one unpaired electron in the valence s-shell [23] . This electronic arrangement is responsible for reproduction of exactly similar shell effects [24] [25] [26] [27] [28] which are experimentally observed in the alkali metal clusters [29] [30] [31] . Among the nano-clusters of group 11 elements, the compound formed between Cu-Ag is very much popular due to its large scale applications. The exact position of silver within the copper-silver core-shell structure is highly important to tune the physicochemical properties. The location of sliver has a controlling effect on the optical properties of such particles as the optical properties are governed by plasmon resonance frequency of silver, which is also dependent on its structural environment [32] . It has been already established that copper-silver bi-metallic nano-clusters, such as catalysts can enhance the reaction efficiency and selectivity [33, 34] . Though a number of experimental studies have been done on this particular type of compounds, a theoretical analysis invoking Density Functional Theory (DFT) is still unexplored in this domain.
Since the last couple of years Density Functional Theory has been dominant method for the quantum mechanical computation of periodic systems. Due to its computational friendly behavior, DFT is very much popular to study the many-body systems [9] . Super conductivity of metal based alloys [35] , magnetic properties of nano-alloy clusters [36, 37] quantum fluid dynamics [38] , molecular dynamics [39] , nuclear physics [40, 41] can be extensively studied invoking DFT methodology. Recently, we have established the importance of density functional based global and local descriptors in the domain of drug designing process [42, 43] . The study of density functional theory is broadly classified into three sub-categories viz. theoretical, conceptual, and computational [44] [45] [46] [47] . Conceptual density functional theory gives a new insight into the study of chemical reactivity [48] [49] [50] . The conceptual density functional theory is highlighted following Parr's dictum "Accurate calculation is not synonymous with useful interpretation. To calculate a molecule is not to understand it" [51] .
In this venture, we have successfully studied some bi-metallic nano-clusters containing Cu and Ag, invoking DFT based global descriptors viz. hardness, HOMO-LUMO gap, softness, electrophilicity index. An attempt has been made to correlate the properties of the real compounds with their computational counterparts.
Computation details
In this study, we have made an analysis of the bi-metallic nano-alloy clusters of (Cu-Ag) n , where n = 1 -7. 3D modeling and structural optimization of all the compounds have been performed using ADF software package [52] within Density Functional Theory framework. For optimization purpose, the Local Density Approximation (LDA) has been adopted. Although LDA functionals are not so much complex but their effectiveness has already been established in many-fold applications, particularly for solid state physics [53] , where accurate phase transitions in solids [54] and liquid metals [55, 56] are predicted, and for lattice crystals, in which 1 % precision is successfully achieved [57] . Energy minimization of all the mentioned alloys has been performed without imposing any restrictions on the molecular spin, and z-axis has been chosen as the spin polarization axis. In this computation process, the Symmetrized Fragment Orbitals (SFOs) are combined with auxiliary Core Functions (CFs) to ensure orthogonalization on the (frozen) Core Orbitals (COs). For the optimization of the structures, double zeta basis sets (DZ) have been used along with frozen core approximation. The quadrupole moment of a molecule was calculated in terms of analytical integration methodology.
The calculation of ionization energy (I) and electron affinity (A) have been performed invoking Koopmans' approximation [48] based on the following ansatz:
Thereafter, using I and A, the conceptual DFT based descriptors viz. electronegativity (χ), global hardness (η), molecular softness (S) and electrophilicity index (ω) have been computed. The equations used for such calculations are as follows:
where µ represents the chemical potential of the system.
Results and discussion
In this study, computational analysis of Cu-Ag bi-metallic nano-clusters invoking electronic structure theory has been performed. The orbital energies in form of HOMO (Highest Occupied Molecular Orbital)-LUMO (Lowest Unoccupied Molecular Orbital) gap along with computed DFT based descriptors for mentioned nano-clusters viz. molecular electronegativity, global hardness, global softness and global electrophilicity index, have been reported in the Table 1 . The molecular dipole moment in debye unit is also presented in the Table 1. The quadrupole moments of the same nanoclusters along different axes are reported in the Table 2. From the Table 1 , a direct relationship between HOMO-LUMO gaps of the nano-clusters and their evaluated global hardness values is revealed. As the frontier orbital energy gap increases, the hardness value increases. From experimental point of view, it is an expected trend. The molecule possessing the highest HOMO-LUMO gap is the least prone to response against any external perturbation. From the Table 1 , it is clear that Cu 3 Ag 3 is the least reactive species, whereas Cu 7 Ag 7 exhibits the maximum response. Though there is no such available quantitative data for optical properties of aforesaid clusters, we can tacitly assume that there must be a direct qualitative relationship between optical properties of Cu-Ag nano-clusters with their computed HOMO-LUMO gap. The assumption is based on the fact that optical properties of materials are interrelated with flow of electrons within the systems, which in turn depends on the difference between the distance of valence and conduction band. There is a linear relationship between HOMO-LUMO gap with the difference in the energy of valence-conduction band [58] . On that basis, we may conclude that optical properties of the bi-metallic nano-clusters improve with an increase in their hardness values. Similarly, the softness data exhibits an inverse relationship towards the experimental optical properties. Although the same type of direct relationships is observed in case of computed electronegativity, electrophilicity index and dipole moment along with their HOMO-LUMO gap, but for Cu 3 Ag 3 cluster an exception is marked. The linear correlation between HOMO-LUMO gap along with the computed hardness is lucidly plotted in Fig. 1 . The high value of regression coefficient (R 2 = 0.999) observed in Fig. 1 , validates our predicted model. From the obtained correlation coefficients of several DFT based descriptors and their HOMO-LUMO gaps, it can be concluded that the best linear relationship is observed in case of hardness and the least one for dipole moment (R 2 = 0.034) of these nano-clusters. The electron density distributions of HOMO and LUMO of Cu 2 Ag 2 exhibiting the highest reactivity among the mentioned nano-clusters, are plotted in Fig. 2 and Fig. 3 , respectively.
The quadrupole charge separation is represented in a form of quadrupole moment according to Buckingham convention in the Table 2 . The quadrupole moment values in different axes are represented in atomic units (a.u.).
As per the cluster physics, dissociation energy and second difference of total energy have a marked influence on the relative stability of a particular system. These two energies are highly sensitive quantities and they exhibit a pronounced even-odd alternation behavior for neutral and charged clusters, as a function of cluster size [59] . A similar type of alternation behavior is also exhibited by the HOMO-LUMO gap of any particular compound. It has already been reported that 722 PRABHAT RANJAN et al. the cluster with an even number of total atoms exhibits less reactivity and possesses larger HOMO-LUMO gap, whereas the reverse trend is observed for the clusters containing a total odd number of the atoms [57] . The stability of the even number electronic cluster is actually an outcome of their closed electronic configuration which always produces extra stability. We have reported HOMO-LUMO gap as a function of cluster size in Table 3 . It is distinct from the Table 3 that the bi-metallic clusters containing even number of total atoms possess higher HOMO-LUMO gap as compared to the clusters having odd number of total atoms. The only exception is observed in the case of Cu 7 Ag 7 . Thus, our computed data supports the experimental odd-even alternation behavior of bi-metallic nano-clusters.
A comparative analysis has been made between experimental bond length [60] [61] [62] and our computed data of the species, namely Ag 2 , Cu 2 and CuAg. The result is reported in Table 4 . A close agreement between experimental data and our computed bond length is reflected in Table 4. It supports and validates our computational analysis.
Conclusions
Due to diverse nature of applications, bimetallic nano-alloy clusters have gained immense importance. Nano-clusters containing group 11 metals, namely copper and silver, exhibit a remarkable optical property. In this paper, we have theoretically analyzed the optical property of (CuAg) n = 1 − 7 , in terms of conceptual DFT based descriptors viz. global hardness, electronegativity, softness, electrophilicity index and dipole moment. Our computed result reveals that HOMO-LUMO gap runs hand in hand along with global hardness data. Due to the absence of any quantitative benchmark, optical property of Cu-Ag nano-cluster has been tacitly assumed to be exactly equivalent to its HOMO-LUMO gap. Here, the computed data indicates a direct relationship between optical property of the mentioned bi-metallic nano-alloys and global hardness values. This trend is consistent with other experimental facts. The high value of regression coefficient between hardness and HOMO-LUMO gap supports our approach pertaining to modeling. Our computed bond lengths for the species, like Cu 2 , Ag 2 and CuAg, are numerically very close to the experimental values. In this report, the effect of even-odd alternation behavior on HOMO-LUMO gap is also reflected distinctly.
